The pleasant green appearance of plants, caused by their reflectance of wavelengths in the 500-600 nm range, might give the impression that green light is of minor importance in biology. This view persists to an extent. However, there is strong evidence that these wavelengths are not only absorbed but that they also drive and regulate physiological responses and anatomical traits in plants. This review details the existing evidence of essential roles for green wavelengths in plant biology. Absorption of green light is used to stimulate photosynthesis deep within the leaf and canopy profile, contributing to carbon gain and likely crop yield. In addition, green light also contributes to the array of signalling information available to leaves, resulting in developmental adaptation and immediate physiological responses. Within shaded canopies this enables optimization of resource-use efficiency and acclimation of photosynthesis to available irradiance. In this review, we suggest that plants may use these wavelengths not just to optimize stomatal aperture but also to fine-tune whole-canopy efficiency. We conclude that all roles for green light make a significant contribution to plant productivity and resource-use efficiency. We also outline the case for using green wavelengths in applied settings such as crop cultivation in LED-based agriculture and horticulture.
Introduction
Is the importance of green light hidden in plain sight? It is a misconception that plants do not make use of the green regions of the spectrum; a view which is perhaps understandable given the substantial amounts of this colour that are reflected, giving plants their pleasant and near-ubiquitous green appearance on Earth. However only around 10-50% of green light (between the wavelengths (λ) of 500 and 600 nm) is reflected by plant chloroplasts (Terashima et al., 2009; Nishio, 2000) . The rest is absorbed by plant pigments or transmitted to shaded parts of the plant. There is strong evidence to suggest that green light plays a vital role in photosynthesis and physiological responses to the environment.
There is a growing pool of research showing that plants use green wavelengths to assimilate CO 2 , to promote higher biomass and yield, and as a crucial signal for long-term developmental and short-term dynamic acclimation to the environment. This review discusses the evidence for the ability of green light to penetrate deep into the mesophyll layers at the single-leaf level, and the lower layers of leaves on a canopy level, therefore driving photosynthesis where other wavelengths are in limited supply. We also detail how green light provides signals for acclimation to irradiance on a wholeplant to chloroplast scale, leading to improved leaf and crop productivity and yield. We hypothesize that green light profiles in canopies make it ideally suited to provide rich information for signalling and fine-tuning developmental and dynamic acclimation to shade, and may act as a secondary layer of control to the well-known red/far-red (FR)-light responses. We show evidence that wavelengths of 500-600 nm permit a finer control of water loss via changes in stomatal aperture in leaves within a canopy. However, we start by outlining the case for inclusion of green light in controlled growth environments and crop production. Throughout, we refer to higher plants and not algae but we concede that similar functions may exist in both.
Green light for the LED-based horticulture revolution
One reason that this topic is so timely is the increasingly novel way in which light-emitting diodes (LEDs) are being used for commercial plant growth and plant research. Owing to their huge capacity for energy savings and programmability (Massa et al., 2008; Morrow, 2008) , LEDs are fast surpassing conventional horticultural and research grow lights in popularity. Conventional lighting, such as metal halide (MH), high-pressure sodium (HPS), and tube fluorescent (TF) bulbs, give a broad but fixed spectrum, containing large proportions of green, FR, and infra-red (heat) wavelengths that the plant may not use (Fig. 1) , often making them highly inefficient, whereas LED lights give the unique option of not only controlling spectral quantity but also quality. However, when replacing broad-band white light spectrum conventional grow lights with narrow waveband LEDs, an understanding of how plants respond to the individual wavelengths is crucial to improving, or at least maintaining, plant quality. Light 'recipes' are currently being developed by many companies to create the best light environment for the commercial growth of horticultural plants. The ability to switch rapidly between different irradiance levels and spectra is unique to LEDs and these offer possibilities that have not yet been exploited. For example, by linking the lights to sensors for ambient light and plant physiological status, it should be possible to regulate the output according to the plant photosynthetic requirements. LEDs have high relevance for 'vertical farming', a term for a diverse set of technologies that aim to concentrate crop growth with a low land-area footprint, usually in urban areas (Despommier, 2013) .
Green light has rarely been considered as a biomass-promoting additive to the commonly found dichromatic red and blue light background in horticultural environments. However select studies in controlled environment growth chambers, where artificial light is the sole source of irradiation and light Fig. 1 . The spectrum of high-pressure sodium (HPS), fluorescent tube (FT), metal halide (MH), and red+green+blue light-emitting diode (RGB LED) lights as measured with the Fieldspec HH spectroradiometer (ASD, Boulder, CO, USA). MH, HPS, and FTs are broad-spectrum white light sources which also emit large amounts of infra-red wavelengths (>750 nm; heat). LEDs are steady-state narrow waveband-emitting devices which can be used to target individual photoreceptors.
quality is the only variable, have further highlighted the beneficial role of green light in plant growth. Below we provide the scientific framework that supports the inclusion of green wavelengths in horticultural recipes. In addition, the inclusion of green wavelengths in growth lamps has been shown to be beneficial for human-based diagnostics of plant health; at NASA, scientists developing energy-efficient LED lighting systems for bio-regenerative life-support systems in space (Kim et al., 2006) found that, when combined, the red and blue wavelengths needed to support photosynthesis produced a harsh purple light that caused plants to look grey/black, making visualization of plant health status difficult for workers in the growth areas where LED lamps were the main light source. By adding green-light wavelengths to the light recipe, plants appeared green and visualization of any pests, disease, or nutrient deficiency was much easier. They also inadvertently found that the addition of these green wavelengths influenced plant yield (Kim et al., 2006) .
Lettuce (Lactuca sativa) yields, measured as both shoot fresh and dry weights, were significantly higher when some of the red light (λ600-700 nm) from a red+blue (λ400-500 nm) LED light background was removed and up to 24% green (λ500-600 nm) fluorescent light was added. This effect was concluded to be due to the ability of green light to penetrate the folded layers of lettuce leaves Bian et al., 2016) . However the exact wavelengths contained within the green light were not reported and research has shown that short-and long-wavelength green light cause different responses within the plant (Dougher and Bugbee, 2001 ). This highlights an important point, which is that not all green wavelengths are the same. For simplicity we describe green light as 500-600 nm; however, it is difficult to obtain efficient LEDs that have direct emission at the mid point (where there is minimum absorbance from other pigments) of 550-560 nm, although this is expected to improve. For example, Dougher and Bugbee (2001) concluded that an increased proportion of 'yellow' light (λ580-600 nm) was responsible for a decrease in lettuce yield, perhaps due to suppression of chloroplast or chlorophyll formation, when comparing growth under HPS and MH lamps. Such studies confirm that green light, if the right wavelengths and intensities are applied, may have a beneficial effect on yield in controlled environment horticulture, whilst elucidating the role of green light from the solar spectrum may improve the quality of supplemental lighting used in fluctuating light environments such as the field or glasshouses.
As of yet, few such studies have been carried out and most lamp manufacturers currently focus on different proportions of blue and red wavelengths supplemented with FR, with green light almost entirely discounted. This is likely because of the problem known as the 'green gap' (Krames et al., 2007; Pleasants, 2013) . Up until recently, LEDs in the 'green' portion of the spectrum able to produce irradiance with the required efficiency for horticultural lighting were limited to the 520-540 nm waveband and the efficiency of higher wavelength green light, specifically up to 570 nm, was inadequate. Recent advances in technology have started to resolve this issue. In addition, the development of new techniques such as the multi-quantum well, which have enabled a 2.4-fold enhancement of emission efficiency over old green LEDs at 540 nm, with the enhancement becoming even larger at the longer wavelengths (Jiang et al., 2015; Alhassan et al., 2016) , mean that LED emission in the green could soon be as efficient as emission in other parts of the spectrum. Now that efficient green wavelength LEDs are becoming available to growers, it is worth further investigation into whether they can enhance the standard red, blue, FR lighting currently used.
The information in this review suggests that in order to improve or maintain plant quality, yield, and water-use efficiency, an amount of green light may need to be added to LED light recipes. As outlined in this review, this would be particularly important when growing crops which form a dense canopy, for example, basil and coriander, or have a folded leaf structure, such as lettuce. This coupled with the fact that adding just a small amount of green light to a red+blue LED background can transform harsh purple light to allow better assessment of plant health and safer, pleasant conditions for workers, provides a strong case for the inclusion of green light in LED light recipes in horticulture.
Chlorophyll and other photoreceptors allow the plant to sense and use green light
The photosynthetic pigments in higher plants are chlorophyll and carotenoids. It is worth noting that there are other nonphotosynthetic and non-photoreceptor pigments in plants such as anthocyanins and flavonoids which absorb within the same spectral regions discussed here (Pfündel et al., 2007; Agati and Tattini, 2010) . Chlorophyll exists in two formschlorophyll a and chlorophyll b (Rabinowitch, 1969; Bollivar, 2006) . In solution, the chlorophylls absorb light between λ400 and 700 nm (known as photosynthetically active radiation or photosynthetic photon flux density (PPFD)), with the main peaks of absorbance at 646.6 and 663 nm, and channel this excitation energy into the process of photosynthesis (Zhu et al., 2008) . In planta, chlorophyll is bound to proteins and red-shifted (Fig. 2) . It is arranged within the photosynthetic reaction centres of PSII and PSI and their associated light harvesting antenna complexes (LHCII and LHCI respectively). These are located in the energy transducing thylakoid membranes of cytoplasmic organelles called chloroplasts (Allen, 2003) . Photons of PPFD are captured by chlorophyll (Hillier and Babcock, 2001) , causing the excitation of an electron to enter a higher energy state in which the energy is immediately passed to a neighbouring chlorophyll molecule by resonance transfer (in the antenna) or released to the electron transport chain (PSII and PSI) (Allen, 2003; Hillier and Babcock, 2001) .
Dissolved chlorophyll a and b absorb maximally in the red (λ600-700 nm) and blue (λ400-500 nm) regions of the spectrum and more weakly in the green. Chlorophyll in planta does not exist in isolation but in conjunction with other pigments and cellular structures. For example, the flavonoids, anthocyanins, and carotenoids (the latter discussed in more detail below) all affect absorption in the green area of the spectrum.
Despite the low extinction coefficient of chlorophyll in the 500-600 nm region, it needs to be emphasized that the overall absorbance can be significant if the pigment concentration is high enough. Additionally the optical properties of the leaf (detailed in Merzlyak et al., 2009 ) result in the red-shifted, more relevant whole-leaf absorption spectrum shown in Fig. 2 . Chlorophyll a, the most abundant form of chlorophyll, contains a CH 3 group on a side chain of ring II which is substituted for a CHO group in chlorophyll b. This small change in chemical structure shifts the absorption peak in the blue area of the spectrum to the right (Fig. 2) , narrowing the area of weak absorption in the green (Rabinowitch, 1969) . This results in chlorophyll b having the stronger absorbance in the green regions. This has an important physiological function: leaves are most often found as part of a more complex canopy structure in which lower leaves have a greater capacity to absorb and use transmitted green light via the process of photoacclimation to shade, which causes increased synthesis of chlorophyll b, aiding the acquisition of green wavelengths deeper in the canopy (Murchie and Horton, 1998; Sun et al., 1998; Nishio, 2000) .
Carotenoids are a family of lipid-soluble coloured pigments present in all plants and alga, mostly in chloroplasts and chromoplasts. The most common of these pigments, the carotenes and xanthophylls, are red to orange in colour and together their absorbance range extends into the green region (400-550 nm, peaking at around 470 nm), effectively covering the poorest region of chlorophyll absorbance (500-550 nm). In comparison with chlorophyll they are less abundant, with ratios of carotenoid to chlorophyll varying between 0.1 to 0.5 depending on species and conditions (Murchie and Horton, 1998; Murchie et al., 2002) . The most abundant carotene is β-carotene and the principal xanthophylls are zeaxanthin, violaxanthin, and lutein. One well-characterized function of xanthophyll carotenoids is their essential photoprotective role in high irradiance (Murchie and Niyogi, 2011; Ruban et al., 2012) . However, their absorption spectra (extending into the green) is often used to make the argument that the xanthophylls serve an accessory role in light harvesting within the blue and green regions, passing energy to chlorophyll to be used in photosynthesis (Hopkins and Hüner, 2009; Walla et al., 2014) . Energy transfer from carotenoids to chlorophyll has been demonstrated in vitro (e.g. Cerullo et al., 2003) and been found to be important in some algae (Hofmann et al., 1996; Hashimoto et al., 2015) and higher plant LHCII (Gradinaru et al., 2000; Croce et al., 2003; Dall'Osto et al., 2014) . Transfer seems to happen with varying efficiency; for example, lutein will transfer 70-80% of the energy to drive photochemistry (Dall'Osto et al., 2014) but other pigments produced by the xanthophyll cycle may transfer much less and dissipate the rest in the photoprotective mechanism of non-photochemical quenching (Akimoto et al., 2005; Murchie and Harbinson, 2015) . In vitro studies using LHCII showed that energy transfer from carotenoid to chlorophyll is highly efficient and contributes 10-20% of the total energy absorbed by this chromophore (Gradinaru et al., 2000) . Similar roles have been shown for PSII and PSI reaction centres and LHCI (Dall'Osto et al., 2014) . It seems fair to conclude that in higher plants the principle of light harvesting via energy transfer from carotenoids to chlorophyll has been demonstrated and it is likely that this plays a major role in light harvesting within green regions of the spectrum. However, its physiological significance has not been quantified at the canopy level.
Although the chlorophylls (along with carotenoids) are the most abundant pigments, plants have a range of other photoreceptors that do not channel light energy into photochemistry. These non-photosynthetic photoreceptors instead allow the plant to sense its light environment (quantity, quality, direction and duration of irradiance) so that it may adjust its growth and/or developmental pattern accordingly. The collective term for this suite of light-induced changes which occur over a plant's life cycle is photomorphogenesis. The quality or spectral composition, that is, the different wavelengths of light that a plant is exposed to is important (Carvalho et al., 2010) . The interactive network of nonphotosynthetic photoreceptors, each of which detects irradiance at specific set of wavelengths, has a crucial role in almost every aspect of growth and development, from germination all the way through to seed production (Carvalho et al., 2010) . The phytochromes have absorption peaks in the red (640-660 nm) and FR (720-740 nm) parts of the spectrum (Shropshire et al., 1961) , whilst the cryptochromes and phototropins have their absorption peaks in the UV-A/blue region of the spectrum, with their absorption spectra almost entirely overlapping (Briggs and Christie, 2002) . Once a nonphotosynthetic photoreceptor is activated, it triggers a signal transduction pathway. This results in changes in gene expression and, ultimately, biochemical and/or physiological changes that may be localized to the site of perception but may also occur in distant organs or plant-wide owing to complex hormone signalling and transport of protein messenger molecules (Bou-Torrent et al., 2008) . Plants have some ability to reposition their leaves away from unfavourable irradiance situations but there is also a requirement to alter the existing biochemistry and morphology (see photoacclimation). This, combined with the fact that the plant developmental programme continues to be extremely flexible and adaptive even after germination (Depuydt and Hardtke, 2011) , means that mature plants of the same species may have highly variable morphologies, depending entirely upon the light conditions under which they have been grown.
Green light is absorbed by the cryptochromes, photoreceptors that also absorb UV-A and blue light (Bouly et al., 2007) . The flavin or flavin adenine dinucleotide (FAD) molecule which acts as the light absorbing chromophore of cryptochrome exists in one of three redox states (Fig. 3) , each of which absorbs photons of different wavelengths (Kao et al., 2008) . Flavin is produced by the plant as a fully oxidized, biologically inactive FAD. Upon absorbing UV-A/blue light, FAD is converted to a neutral semiquinone radical FADH, or the anion FAD − , activating the cryptochrome and leading to UV-A/blue-light responses. The FAD − form of flavin may, however, absorb green light, causing it to be converted to a fully reduced hydroquinone FADH − or FADH 2 (Bouly et al., 2007; Banerjee et al., 2007; Sellaro et al., 2010) . This reduction returns the cryptochrome to a biologically inactive state and reverses the UV-A/blue-light responses (Talbott et al., 2002) . The mechanism for the light-mediated conversion between redox states is under dispute but it is commonly agreed that it involves electron transfer between the flavin molecule and its protein environment (Liu et al., 2010; Sellaro et al., 2010) . This could either be mediated by the three conserved tryptophan residues attached to cryptochrome (Sellaro et al., 2010) or by an unknown molecule acting as an electron acceptor causing a conformational change in the molecule (Liu et al., 2010) .
Green light photomorphogenic effects (Wang and Folta, 2013) on plants can be split into two types-those mediated by the cryptochromes, which are also one of the main UV-A/ blue-light photoreceptors (Bouly et al., 2007) , and those attributed to a putative uncharacterized green-light photoreceptor. There are a number of blue and green light-reversible effects that are blue/green ratio (B:G)-dependent and do not persist in a cry knockout mutant background. Because green light acts antagonistically to blue light, it inactivates bluelight responses. For example, green light causes reversal of blue (and UV-B) light-mediated stomatal opening (Frechilla et al., 2000; Eisinger et al., 2003; Kim, 2004; Talbott et al., 2006) , and inhibition of blue light-induced flowering induction (Banerjee et al., 2007) and blue light-stimulated anthocyanin synthesis (Banerjee et al., 2007; Zhang and Folta, 2012) .
Other responses to green light persist in cry knockout (and phy knockout) mutant backgrounds, indicating the presence of another putative green-light photoreceptor. These responses include adaptation of plant and leaf architecture and are likely to be dependent on green-light intensity (Sellaro et al., 2010; Zhang et al., 2011) . Increasing the green-light ratio in a constant background of blue and red light has been shown to activate some of the same responses that would be seen in phytochrome-mediated FR light-induced shade avoidance syndrome (SAS). This is discussed in more detail below.
Green light distributes energy among leaves and canopies
Green light makes a unique contribution to photosynthesis on both a leaf and canopy level. The sunlight spectrum contains almost equal proportions of blue (λ400-499 nm), green (λ500-599 nm), and red (λ600-699 nm) photons (Fig. 4) , all of which are capable of driving photosynthesis with the same quantum efficiency once absorbed by chloroplasts (McCree, 1972; Hogewoning et al., 2012) . However, owing to the physical properties of the leaf (Terashima et al., 2009 ) and the complex layering of leaves in a canopy structure (Franklin, 2008) , different proportions of each wavelength will ultimately reach the leaves and chloroplasts located in different Fig. 3 . The photo-conversion between the different redox states of the flavin chromophore on the cryptochrome (Cry) photoreceptor (based on work by Banerjee et al., 2007; Bouly et al., 2007; Sellaro et al., 2010) parts of the whole leaf/canopy system ( Fig. 5 ; Kasperbauer, 1971; Vandenbussche et al., 2005) .
The main leaf photosynthetic pigments are concentrated in the chloroplasts and, on a microscale, are not spread evenly across the leaf surface (Terashima et al., 2009) , especially if taking into account chloroplast movement. Thus, the transmission of photons through the vertical leaf profile can be thought of as the passing of particles through the mesh of a sieve (Rühle and Wild, 1979) . Chlorophyll a and b, being the most abundant pigments in the chloroplasts of green plants, provide the 'sieve' with the tightest mesh (see below for a discussion on acclimation of the chlorophyll a/b ratio). Absorbing mostly in the blue and red regions of the spectrum, chlorophyll absorbs relatively weakly in the green (Fig. 1, Evans and Anderson, 1987) with up to 80% of all green light thought to be transmitted through the chloroplast (Terashima et al., 2009) , effectively widening the mesh of the sieve and allowing more green photons to pass deeper into the mesophyll (Fig. 5) . This 'green window' (Terashima et al., 2009) , coupled with the highly refractive properties of leaf tissue, means that green photons are able to reach chloroplasts much deeper into the mesophyll than red and blue photons (Sun et al., 1998) . Scattering of green light inside the leaf brings about the 'detour effect' (Vogelmann, 2008) , whereby the path of light through the vertical leaf profile is lengthened and therefore photons have a higher chance of hitting and being absorbed by chloroplasts on their passage through the leaf. This means that green light absorbed by the leaf is able to drive photosynthesis with a quantum efficiency greater than that of blue light and similar to that of red light (Fig. 6) . Evans and Vogelmann (2003) tracked blue (λ450 ± 91 nm) and green (λ567 ± 24 nm) irradiance absorption and carbon Fig. 5 . Schematic of penetration of monochromatic blue, green, and red light through the vertical profile of a leaf illuminated from above the adaxial surface. Blue light is quickly absorbed by multiple pigments in the top layers of leaf cells, whereas red light may penetrate further owing to it mainly being absorbed by just the chlorophylls. Green light may reach the bottom layer of cells due to the chlorophyll's weak absorption in the green (the 'green window') and scattering of green light within the leaf (the 'detour effect'). Based on data from Vogelmann and Han (2000) and Evans and Vogelmann (2003) , with permissions. and average total photon flux density (PPFD, λ325-1075 nm) was 718 µmol m −2 s −1 . The oat canopy was at Zadoks GS80-89 (dough development grain-fill period) (Zadoks et al., 1974) . Measurements were taken at three different locations in the field, with the spectroradiometer surrounded by plants on all sides: just above the canopy (Above), 10 cm from the top of the canopy (Top), roughly halfway down the height of the plants (Middle), and 10 cm from the bottom of the plants (Bottom). (b) The proportions of different wavebands of light at different positions above and within the canopy. Wavebands: Blue = 400-449 nm, green = 500-599 nm, red = 600-699 nm, far-red = 700-799 nm. Total average PPFD (µmol m −2 s −1 ) at λ400-799 nm: Above = 718, Top = 583, Middle = 147, Bottom = 44. FR light made up a significantly higher proportion of overall light than all other wavelengths at each canopy level (P < 0.01) and this proportion became larger as depth into the canopy increased (P < 0.01). t tests confirmed that the proportion of green light compared to blue light increased significantly (P < 0.05) from the top to the bottom of the canopy. Error bars show standard error of means (n = 3). from the adaxial surface, blue and green light were maximally absorbed at 65 µm and 110 µm deep respectively, with 50% of the irradiance being absorbed at depths of 120 µm and 230 µm respectively. The 14 C profile showed that carbon fixation driven by blue light mainly occurred adjacent to the leaf surface, whilst fixation driven by green light occurred throughout the leaf, declining after a depth of 200 µm. This pattern of absorption is consistent with earlier findings by Vogelmann and Han (2000) , who profiled absorption of brief flashes of 2000 µmol m −2 s −1 monochromatic blue (λ450 ± 50 nm), red (λ650 ± 10 nm), and green (λ550 ± 50 nm) irradiance from the adaxial to abaxial surface of S. oleracea using chlorophyll fluorescence and found maximum absorption to be at depths of 50, 100, and 150 µm respectively. To support this, Nishio et al. (1993) concluded that as much as 90% of red and blue light can be absorbed by the chloroplasts in the top 20% of the leaf profile. However, the same study also concluded that the sharp decline in red and blue light penetration from the top to the bottom of the leaf does not correlate with the carbon fixation gradient through the leaf (Nishio et al., 1993) .
Although the accessory pigments such as the carotenoids function in light harvesting, they do so with varying efficiency (see above section). This has been used to argue that blue light is less efficient (on a per unit of absorbed energy basis) at driving photosynthesis than red light and green light (McCree, 1972; Hogewoning et al., 2012) . This is compounded by the fact that when absorbed by chlorophyll alone, blue light results in a lower photochemical or energetic efficiency than red despite driving photosynthesis with equal quantum efficiency (Zhu et al., 2008) .
This all indicates that photosynthesis deep within the vertical leaf profile, where blue and red photons are scarce, must be partly driven by green photons and effectively explains why plants are green and not black (Nishio, 2000) ! This hypothesis is supported by observations by Terashima et al., (2009) who found that supplementing saturating white halogen light with monochromatic green light (λ550 ± 30 nm) increased leaf photosynthesis in Helianthus annuus with a greater efficiency than supplementary monochromatic red light (λ641-690 nm).
Green light is a shade signal
Like chlorophyll, whole leaves do not exist in isolation. In nature and field conditions, they are usually present within a structurally complex canopy, and the irradiance spectrum through the canopy profile changes as it would through the vertical profile of a leaf (Kasperbauer, 1971; Vandenbussche et al., 2005) . Most notable perhaps is the sharp decline in the proportion of red to far-red light (R:FR ratio) from the top to the bottom layers of canopy. This drop can be as extreme as from 1.2 in full sunlight to just 0.05 in closed canopies and the subsequent photomorphogenic effects-SAS mediated by the red/FR-absorbing phytochrome photoreceptors-have been well documented (for comprehensive reviews see Smith, 2000; Franklin and Whitelam, 2005; Vandenbussche et al., 2005) .
Kasperbauer (1971) measured the spectral distribution at different levels of a tobacco canopy and highlighted this declining R:FR ratio; however, the data also showed that green light at λ543 nm and λ576 nm was transmitted through the canopy much more readily than blue and red light, although not as readily as FR light. Just ≤0.5% of blue and ≤2.1% of red light from above the canopy penetrated through to the bottom layers, whereas up to 6.5% of green light (which drives photosynthesis via PSII and PSI) and more than 20% of FR light (which is only absorbed by PSI) reached leaves at the base. Penetration of green light through to the lower layers of leaves appears to work in much the same way as the detour effect within the leaf, with light being reflected and scattered between leaves rather than plant cells. Increasing the green-light ratio in a constant background of blue and red light has been shown to activate some of the same responses that would be seen in phytochrome-mediated FR lightinduced SAS. For example, Zhang et al. (2011) found that the addition of increasing amounts of green light caused shading symptoms in Arabidopsis, including the elongation of petioles and the upward orientation of leaves, even when the addition of this green light increased the overall intensity of the growth light. Plants grown under higher irradiances with a high proportion of green light developed a more shaded, low-light-acclimated morphology than those grown under a lower irradiance with no green light. In addition, Sellaro et al (2010) found that Arabidopsis hypocotyl length, another symptom of shading, increased proportionally to decreases in the blue to green light ratio. These authors also concluded that the B:G ratio could act as a shade signal within a grass canopy.
To further investigate the phenomenon of spectral distribution changing in relation to canopy position, measurements of spectra were made within mature oat (Avena sativa) canopies in the field (Figs 4 and 7) . The measurements show the proportion of overall irradiance detectable by the plant attributed to the blue, green, red, and FR wavebands at different levels. Descending in the canopy, the proportion of overall light made up of FR light rapidly exceeded all others several fold whilst blue light fell most rapidly. Notably, however, the proportion of green light compared to blue light increased from the top to the bottom of the canopy. It is clear that as a consequence of the unique transmittance/absorption properties of green light, plant canopies not only experience a steep R:FR declining gradient but also a relatively more shallow declining B:G light gradient (Fig. 7) .
Arguably, leaf composition and structure have evolved to enable green light to reach leaves at the bottom of dense lateral canopies or the inner layers of plants with a folded leaf structure (such as lettuce) to provide photons that can be used to drive photosynthesis (McCree, 1972; Hogewoning et al., 2010) as well as to provide positional signals via the nonphotosynthetic photoreceptors. Later, we discuss how green wavelength photons could provide a relatively stable information-rich signal at deeper canopy positions in addition to the R:FR signal. An increased proportion of FR light is a key signal for SAS but green light may be an additional signal for activating shading responses, enabling plants to adapt development to a low-light environment within a canopy (Wang and Folta, 2013) .
The availability of green light may also allow more dynamic short-and long-term acclimation to the light environment by affecting other aspects of plant physiology. Photoacclimation is the alteration of amounts of photosynthetic components in response to a short-or long-term change in irradiance or spectral quality (Anderson et al., 1995; Walters, 2005) . For example, plants adjust photosystem stoichiometry and antenna size to optimize electron transport for the light conditions in which they are grown. Chloroplasts acclimated to low light intensities will often enlarge the antenna size of LHCII, producing more peripheral LHCII (LHCIIb) per reaction centre in order to capture more light (Anderson et al., 1995; Ballottari et al., 2007) . Because LHCII has a higher proportion of chlorophyll b than other complexes, it is common to find a distinct gradient in the ratio of chlorophyll a to b from the top to the bottom of a plant canopy (e.g. Murchie et al., 2002) . This reflects the shift towards the importance of light harvesting at lower irradiance levels, alongside lowered dark respiration rates and light compensation points. It is also interesting to note that a relative increase in levels of carotenoids that are thought to act in an accessory light-harvesting role occurs in shaded environments. For example, in rice (Oryza sativa), lutein content rises by 13-25% and neoxanthin by 20% in shaded conditions (Murchie et al., 2002) . Similar but more modest increases in these two molecules were seen across a range of plant species in FR-enriched shade (Murchie and Horton, 1998) . These changes are probably due to the increase in amounts of LHCII and their associated pigments at lower irradiance levels. Hence, acclimation of these carotenoids should significantly broaden the lightharvesting capabilities of chloroplasts in low-light regions.
However, chloroplasts also acclimate to light quality, a response that is partly driven by the fact that PSII and PSI have differing absorbance profiles. Shaded leaves or chloroplasts which receive a high proportion of FR light can preferentially excite PSI in relation to PSII. They therefore tend to increase the relative proportion of PSII to PSI centres in order to capture enough of the depleted 'PSII light' to help match PSI excitation by the abundant 'PSI light', better balancing photosystem excitation and optimizing photosynthetic efficiency (Chow et al., 1990; Anderson et al., 1995; Murchie and Horton, 1998; Murchie et al., 2002; Walters, 2005) . A similar principle holds for state transitions which transfer LHCII between PSII and PSI (Bellafiore et al., 2005) . This (probably redox regulated) set of processes, which continually maintains quantum efficiency, may also be affected by green wavelengths at lower canopy positions. It is difficult, however, to determine how green light might help in the balance of excitation energy between the photosystems. We re-emphasize the point made above that low extinction coefficients may nonetheless result in high absorbance if pigment concentration is high enough. Two important processes might be in play: first, chlorophyll b, enhanced in shade-type Fig. 7 . B:G and R:FR light ratios and PPFD at different positions above and within a healthy mature broad bean (Vicia faba, a) and a healthy mature oat (Avena sativa, b) canopy. Measurements were taken with the FieldSpec HH spectroradiometer (ASD, Boulder, CO, USA) on a bright summer day in June 2015 in a field in Leicestershire, UK. The oat canopy was at Zadoks GS80-89 (dough development grain-fill period) (Zadoks et al., 1974) and the bean canopy was at anthesis. Measurements were taken at three different locations in the field, in the centre of a plot 12 × 3 m with the spectroradiometer facing upwards at the following positions: 10 cm (10 cm from the top of the canopy), 45 cm (halfway down the height of the canopy), and 90 cm (10 cm from the base of the plants). Wavebands: blue = 400-499 nm, green = 500-599 nm, red = 600-699 nm, far-red = 700-799 nm. B:G and R:FR ratios both decreased significantly from the top to the bottom of the canopy (unpaired t tests, P ≤ 0.01). Bars show standard error of means (n = 3).
light, is present in the complexes of both PSII and PSI (Croce et al., 2002) and absorbs much further into the green spectrum than chlorophyll. Second, accessory carotenoids are present, which absorb in the blue and green spectra. Evidence suggests that carotenoids enhance light harvesting in both PSII and PSI (Dall'Osto et al., 2014) . Therefore enhancing overall capture may be the effect of green wavelengths, rather than influencing excitation energy distribution.
Work by Hogewoning et al. (2012) confirms that leaves grown in an artificial shade light spectrum (with the highest intensity being above λ680 nm, i.e. enriched in FR light) have a higher quantum yield for CO 2 fixation when exposed to PSI-exciting wavelengths than plants grown in an artificial sunlight spectrum or a spectrum enriched in blue light of the same intensity. Chlorophyll a/b ratios were lowest in the shade-grown plants but these plants also had the lowest PSI:PSII ratio. Antenna size of the LHCs of the shade spectrum-grown plants were similar to those of the sunlight spectrum-grown plants, again suggesting that the acclimation processes mediated by overall irradiance and light quality are distinct. This supports previous observations that photosystem stoichiometry is dynamic and maintains quantum yield (Anderson et al., 1995) .
Can green light 'fine-tune' canopy-level photosynthesis and transpiration?
Stomata are composed of two specialized guard cells on the leaf epidermis and are the gateways for gas exchange between the inner leaf and the external environment. Regulation of stomatal aperture via manipulation of guard cell turgidity is the principle means of regulating the uptake of CO 2 for photosynthesis and the release of H 2 O for maintaining transpiration. The plant's ability to precisely regulate guard cell turgidity over minutes or seconds, causing changes in pressure which dictate the exposure of the pore, is crucial for optimization of the balance of carbon dioxide uptake versus water loss (for a detailed review see Lawson and Blatt, 2014) .
The guard cells respond to a complex hierarchy of signals which are both intracellular and external. Light is one of the key determinants of these responses, along with [CO 2 ] and humidity, and has been shown to be dynamic in canopy conditions, with fluctuations in intensity occurring on a scale of hours to seconds and varying in magnitude (Bartley and Scolnik, 1995; Morison, 1998; Pearcy and Way, 2012; Way and Pearcy, 2012; Chen et al., 2012; Bauer et al., 2013; Burgess et al., 2015) . There are two distinct reactions to light-the red-light response and the blue-light response (Lawson, 2009; Chen et al., 2012; Busch, 2014) . The origin and form of the signal for the guard cell response to red light is still unknown, and therefore the exact mechanism of red light-induced stomatal opening is under debate. It is uncertain whether the guard cells sense and respond to red light directly, if the signal originates from the mesophyll and is mediated via the vapour phase to the guard cells, or if the signal is produced in response to one of the products of photosynthesis itself (reviewed in Lawson, 2009; Busch, 2014) .
However, it is known that the intensity of red light required for stomatal opening is much greater than that required for blue light-mediated stomatal opening (Sharkey and Raschke, 1981; Gorton et al., 1993) . The stomata are highly sensitive to blue light, requiring up to 10 times less blue light than red light to achieve maximum aperture (Sharkey and Raschke, 1981) and also, unlike red light, responding rapidly to short (<30 seconds) pulses of blue light (Zeiger et al., 1987) .
The mechanism for the blue-light response is relatively well documented (Mao et al., 2005; Chen et al., 2012) . In brief, the cryptochromes work in conjunction with the phototropins, another group of UV-A/blue-light photoreceptors located in the guard cell plasma membrane, to mediate blue light-induced stomatal opening (Mao et al., 2005; Chen et al., 2012) . In the presence of small amounts (<5 µmol m −2 s −1 ) of UV-A/blue light, cryptochromes and phototropins act additively to supress constitutive photomorphogenic 1 (COP1) and abscisic acid (ABA) production respectively, allowing the activation of guard cell plasma membrane H + -ATPases. These H + -ATPases pump H + to the outside of the plasma membrane, resulting in a positive (outside) to negative (inside) electrical potential gradient that causes an influx of K + ions into the membrane. The osmotic potential of the guard cell membranes is therefore reduced and encourages the passive movement of water into the guard cell, increasing turgor and exposing the stomatal pore for gas exchange (Mao et al., 2005; Chen et al., 2012) .
Green light deactivates cryptochromes (Bouly et al. (2007) , therefore removing the signal for suppression of ABA production in the guard cells and promoting a decrease in stomatal aperture. Longer-wave blue and green wavebands have been found to have a role in the modulation of stomatal aperture in a wide range of plants, including Vicia faba, Pisum sativum, Commelina communis, Nicotiana tabacum, Nicotiana glauca, and Arabidopsis thaliana (Talbott et al., 2002 (Talbott et al., , 2006 Frechilla et al., 2000) . Frechilla et al. (2000) found that wavelengths of 490-580 nm reversed blue light-induced stomatal opening in detached epidermal strips, consistent with the findings by Talbott et al. (2002) . In both studies, under continuous irradiance the degree of reversal was irradiance-dependent, with full reversal when green light was twice that of blue light. The action spectrum for this green-light response showed a maximum at λ540 nm with minor response at λ490 nm and λ580 nm (Frechilla et al., 2000) . Further work demonstrated that the same response can be observed in intact leaves of Arabidopsis (Talbott et al., 2006) and work by Kim et al. (2004) also concluded that green-light (λ500-600 nm) exposure reversibly decreases stomatal conductance in lettuce. Talbott et al. (2006) determined that stomata of the npq1 mutant, which lacks zeaxanthin, did not react to changes in the B:G light ratio. Green light (λ550 ± 5 nm) has also been reported to antagonize UV-B (λ287 nm)-induced stomatal opening in epidermal peels of Vicia faba and, like blue-green reversible stomatal opening, UV-B-green reversible stomatal opening is not observed in the npq1 mutant (Eisinger et al., 2003) , suggesting that zeaxanthin could also be involved in the regulation of stomatal aperture by green light.
By contrast, green light has been found to induce a small degree of stomatal opening when it is the only source, although the response is smaller than that observed under blue or red light. Monochromatic green light (λ540 nm) induces stomatal opening in epidermal peels of Vicia faba (Eisinger et al., 2003) and also opening of abaxial (but not adaxial) stomata in intact, attached leaves Helianthus annuus . Perhaps this type of stomatal response has evolved so that, in the absence of a blue-light signal, the leaf may take advantage of the green light which has penetrated through the canopy, particularly green light that has been reflected back up to illuminate the underside of the leaf, for photosynthesis. This suggests two possibilities: first, that green light activates two photoreceptors-cryptochrome, to act antagonistically against blue light, and a putative unknown photoreceptor (Zhang et al., 2011) , to promote a small amount of stomatal opening allowing photosynthesis and growth when green light is the only light available. Second, photosynthetic regulation could occur either by the photosynthate level or redox state of the chloroplast.
What would be the physiological function of green light in providing a signal for such processes, in addition to existing photoreceptor-and photosynthesis-mediated sensing? We propose that the B:G ratio has a very different profile to R:FR within plant canopies, allowing it to act as an extended and sensitive source of information for regions of the canopy. We conducted measurements of spectral profile in UK fieldgrown crop species (Fig. 7) and found in each case that the B:G ratio was stable until the PPFD reached low levels-typically <5% of the value at the top of the canopy. At this point the R:FR ratio still showed some variation and correlation with PPFD but the B:G ratio declined to a greater extent over the same canopy region. The B:G ratio would be capable of exerting specific physiological effects, such as the reversal of the blue light-induced opening discussed above. This has some similarities to the conclusions of Sellaro et al. (2010) , who used a canopy of the grass Paspalum dilatatum; however, here we note a continually but slowly declining B:G ratio at the base of both canopy species, suggesting a different profile to R:FR in these canopy positions.
Roles for green-light signalling for control of stomatal aperture and the balance of water loss versus CO 2 uptake within canopies are proposed here and we suggest the following. The proportion of red light-induced stomatal opening should decrease rapidly as overall irradiance declines through the canopy and a higher proportion of stomatal opening is caused by the more sensitive blue-light response. Although small amounts of blue light reach the bottom of the canopy, stomata are up to 10 times as sensitive to blue light than to red (Sharkey and Raschke, 1981; Gorton et al., 1993) , so the little blue light that does penetrate will continue to keep stomata open to some degree. It has been shown with epidermal peels and also in whole leaves that the closure of blue lightmediated stomatal opening is only completed once the intensity of green light is twice that of blue light, and the reversal of the opening response is directly proportional to the change in the B:G ratio (Frechilla et al., 2000; Talbott et al., 2002) . Thus, the antagonistic property of green-light to blue-light responses means that stomata are responsive to the B:G light ratio. The signal provided by the B:G ratio should enable finetuning in ways that may be beneficial to the plant in terms of balancing photosynthesis and water-use efficiency within a dense canopy.
If the same degree of canopy stomatal closure occurred concurrently with the steep decrease in the level of red light or the R:FR ratio, closure could be complete well before irradiance dropped to the light compensation point below which photosynthesis cannot take place. Responding to blue light, with its greater relative availability, enables opening within a dense canopy but response to the B:G ratio adds another layer of fine-tuning, ensuring full closure is only complete when light levels have fallen below the point at which photosynthesis cannot take place. We therefore propose that stomatal closure with increasing canopy depth should be directly linked to the decreasing B:G gradient.
It is common for leaves within plant canopies to exist in deep shade and still contribute to net plant photosynthesis close to the light compensation point Horton, 2008, Burgess et al., 2015) . Here, leaf conductance will not be limiting to photosynthesis but stomatal aperture should be kept low to avoid excessive water loss. We suggest that these changes in the B:G ratio, specific to these canopy regions, could stimulate further stomatal closure without loss of carbon gain, thus contributing to optimization of whole-canopy water-use efficiency. To establish this role will require the application of specific wavelengths of light to gas exchange measurements in situ. When such signalling responses are so closely allied to empirical changes in gas exchange, it may be difficult to separate receptor-specific processes from those that are photosynthetic in origin.
Conclusion and perspective
Green light significantly contributes to photosynthetic carbon assimilation and is crucial in promoting biomass accumulation in deeper sections of the leaf and lower canopy where blue and red light are, by comparison, severely depleted. Green photons also provide a strong positional signal to the leaf, allowing tighter control of acclimation to a shaded or fluctuating irradiance environment, and potentially increasing water-use efficiency within canopies. Because plants gain these benefits in the natural environment, there is a strong case for adding green light to LED light 'recipes' in horticultural systems.
